Introduction
T issue engineering aims to reconstruct natural tissues through a combination of (i) progenitor and/or stem cells, (ii) biomaterials as scaffold substances, and (iii) growth factors to modulate cell adhesion, proliferation, migration, and differentiation [1] . Although theoretically any type of stem cells, matrices, or factors might be suitable for the regeneration of any type of tissue, recent studies have emphasized the benefits of natural extracellular matrices (ECMs) and tissue-specific progenitors for tissue engineering purposes [2] . Examples for the instructive abilities of natural, tissue-specific ECMs include successful cardiac muscle regeneration using a decellularized heart [3] , trachea regeneration using cadaveric trachea and stem cell population [4] , and induction of lungspecific lineages by acellular natural lung matrix [5] . Tissuespecific matrices are primed to induce tissue-specific lineage differentiation, whereas tissue-specific progenitor cells are ideally suited for the regeneration of their respective target tissues. For example, it has been shown that only periodontal ligament (PDL), but not gingival connective tissue or bone, contains cells capable of establishing new attachment fibers between cementum and bone [6] [7] [8] . Following the concept of the tissue-specific progenitor, periodontal progenitor cells thus emerge as natural first-choice progenitor cells for periodontal tissue engineering and reattachment of teeth.
The idea of following nature's strategies to regenerate periodontal tissues goes back to Bernhard Gottlieb, who almost 6 decades ago suggested that ''if these ideas about the biology of the cementum are correct, it is then our task to find out just how nature provides for continuous cementum deposition, and having done so, to imitate the procedure'' [9] . Another milestone in the science of periodontal regeneration was the work of Tony Melcher, who proposed that the PDL contains the progenitors for the regeneration of all 3 tissues, PDL, alveolar bone, and root cementum [10] . He believed that although the PDL had lesser regenerative qualities than alveolar bone, the seemless integration of mineralized and soft tissues would be promoted by using ligament cells as progenitors, a strategy that would be further facilitated by the lack of a periostal covering of alveolar bone and the potential for seemless integration [10] . Melcher's work established the biological foundation for the pioneering studies of Sture Nyman, Thorkild Karring, Jan Gottlow, and Jan Lindhe related to guided tissue regeneration [11] . In these studies, a Millipore filter was used to prevent the gingival tissue from contact with the root surface and to allow the PDL cells to reestablish connective tissue attachment [11] .
The present study takes advantage of the instructive capacities of the natural tooth root surface topography in combination with lineage-specific periodontal progenitors to engineer a physiological PDL for the reattachment of teeth. As a first step, we have compared key ECM gene expression profiles and multipotency between odontogenic progenitors and tested the effect of ECM proteins on progenitor differentiation. We have then examined the instructive capacity of periodontal mineralized tissue topographies for tissue-specific progenitor cell differentiation and compared 2 different periodontal progenitors from dental follicle (DF) and PDL. Results of this study are a testimony to the instructive capacities of native hydroxyapatite (HAP) surface topographies and the ideal suitability of periodontal progenitors for periodontal regeneration.
Materials and Methods
Isolation and culture of DF, PDL, dental pulp, and bone marrow-derived mesenchymal stem cells
Isolation of DF and PDL cells. DF tissues from developing mouse molar tooth organs of 4-day-old postnatal CD-1 mice (Charles River Laboratories) were dissected using a stereo microscope. The DF forms a loose connective tissue unit around the developing tooth germ that appears translucent compared with the mineralized enamel organ and can be carefully separated. PDL attached to the roots of the erupted first molars of 4-week-old CD-1 mice was scraped off using scalpels. Both DF and PDL tissues were digested in 3 mg/mL of collagenase-dispase (Roche Applied Science) with gentle rotation at 37°C for 1 h. Primary cells released were washed twice with phosphate-buffered saline (PBS) and passed through a 70-mm strainer to obtain single cells. Cells were then plated at a density of 1 · 10 5 cells/100-mm dish containing Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic. Cells with colony-forming ability from both populations were used in subsequent experiments.
Isolation of dental pulp cells. For isolation of dental pulp (DP) cells, erupted third molars from 2-month-old CD-1 mice were collected. Cell isolation and culture were carried out as previously described [12] with some modifications. The pulp chamber was exposed using dental fissure burs to cut around the cementum-enamel junction. The pulp tissue was isolated from the crown and the roots and then digested in DMEM containing 3 mg/mL of collagenase/dispase for 1 h at 37°C. Released cells were washed twice with DMEM and single cells were obtained by passing the cells through a 70-mm strainer. Cells were plated at a density of 1 · 10 5 cells per 100-mm dish and cultured in DMEM supplemented with 10% FBS, 2 mM l-glutamine, and 1% antibiotic-antimycotic in a 95% air, 5% CO 2 , 37°C humidified incubator. Colony-forming cells from these DP cultures were used in subsequent experiments.
Isolation of bone marrow-derived mesenchymal stem cells. Mouse bone marrow-derived mesenchymal stem cells (BMMSCs) were harvested from 2-month-old male CD-1 mice ( Jackson Laboratory) as previously described [13, 14] . After gaining access to the marrow cavities of tibia and femur, the BM plugs were flushed out using a 20-gauge needle on a 10-mL syringe with DMEM (low glucose) supplemented with 10% FBS and 1% antibiotic-antimycotic. Marrow samples were collected and mechanically disrupted by suction and release through a 25-gauge needle and syringe. The subsequent cell suspension was centrifuged for 10 min at 1,000 rpm and pelleted cells were resuspended in media. To count cells, a small volume of the cell suspension was mixed with 4% acetic acid to lyse red blood cells and nucleated cells were counted using hemocytometer. Cells were then plated at a density of 5 · 10 7 cells per 100-mm dish and incubated in 95% air and 5% CO 2 at 37°C, with fresh media changes every 3 days. After 2 weeks in culture, large colonies formed and resulted in 80% confluence. The cells were washed with PBS, trypsinized, and subcultured at a density of 5-7 · 10 5 cells per 100-mm dish. This plasticadherent colony-forming subpopulation of cells derived from murine BM is multipotential in nature as shown in subsequent experiments. The cell plating density was based on previous studies [15, 16] , resulting in efficient cell proliferation at 5 · 10 7 cells per 100-mm dish for BM-derived stromal cells and 5 · 10 5 cells per 100-mm dish for DF, PDL, and DP. All primary cells were maintained in culture conditions as described by previous studies and gene expression profiles were characterized from third-passage cells as previously described [17] [18] [19] . All animal experiments received approval from the Institutional Animal Care Committee at University of Illinois, Chicago.
In vitro culture of PDL cells on collagen type I-and laminin-1-coated plates PDL cells were plated at a density of 3,500 cells/cm 2 on collagen type I-coated plates (Beckton Dickinson) or laminin-1-coated plates (5 mg/cm 2 ) and cultured in vitro for 1 week. Both collagen type I and laminin-1 were also added as a supplement in respective cultures at a concentration of 50 mg/mL. Cell cultures on noncoated tissue culture plates served as controls.
Semiquantitative reverse transcriptase-polymerase chain reaction
Total RNA was extracted from DF, PDL, DP, and MSCs that were cultured for 3 passages. Alternatively, total RNA was also extracted from third-passage PDL cells cultured on collagen type I-coated plates and on laminin-1-coated plates for 1 week using TRIZOL reagent (Invitrogen). Quality and quantity of the RNA was tested using a NanoDrop spectrophotometer and agarose gel electrophoresis. Two micrograms of the total RNA was reverse transcribed using the sprint reverse transcriptase (RT) complete-double preprimed kit (Clontech) and the cDNA was amplified using selected primers (Table 1 ) and polymerase chain reaction (PCR). RT-PCR products were then confirmed for their product size by running them through an agarose gel electrophoresis alongside a DNA ladder and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. Semiquantitative RT-PCR experiments were done in triplicates for each cell type and each culture condition.
Osteogenic and adipogenic differentiation of DF, PDL, DP, and MSCs
To differentiate DF, PDL, DP, and MSCs toward an osteogenic lineage, cells were seeded at a density of 3,500 cells/cm 2 
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and cultured in differentiation basal medium-osteogenic medium (Lonza) and maintained for 21 days. Alizarin Red-S staining was used to assess the osteogenic mineralization nodules after 21 days of treatment. To differentiate DF, PDL, DP, and MSCs toward an adipogenic lineage, respective cells, approximately 2.5 · 10 5 , were plated into each well of a 6-well plate. Starting at confluence, cells were subjected to 3 cycles of adipogenic induction/maintenance. Each cycle involved treating the cells with adipogenic induction medium for 3 days followed by adipogenic maintenance medium for the next 3 days. At the end of 21 days of culture, mature adipocytes were detected by Oil Red-O staining. Both osteogenic and adipogenic differentiation media were purchased from Lonza.
In vitro culture of DF, PDL, DP, and MC3T3 cells on root cementum chips
To observe the attachment behavior of odontogenic cells to microstructured root cementum, about 1 · 10 6 DF, PDL, DP, and nonodontogenic preosteoblast MC3T3 cells along with root cementum chips (1 mm thick) were suspended in 1 mL of DMEM, respectively, and subjected to end-to-end rotation in an eppendorf tube that was rotated at 60 rotations/ min for 2 h at 37°C. Root cementum chips were prepared by chipping off the cementum from the surface of lyophilized bovine teeth from 6-month-old steers. Chips were cut into 2 · 2 · 1 mm, sterilized in 70% ethanol for 30 min, washed 3 times with ultrapure water, air dried in a fume hood, and stored in a sterile container until used. After washing out unattached cells on cementum chips with PBS, cementum chip-cell constructs were cultured for 3 days and cell attachment pattern on and around the chips was observed by staining the cells with 50% paragon epoxy. Images were then captured using phase-contrast microscopy.
In vitro culture of DF and PDL cells on HAP blocks and root cementum surface DF and PDL cells (1 · 10 6 cells in 200 mL DMEM) were seeded on EDTA-etched rat first molars or HAP blocks (3 mm   3 ) that were a generous gift from Biomatlante SARL. After 2 h of incubation at 37°C, nonattached cells were washed off with 1 · PBS and the cell-material constructs were cultured in vitro for 2 weeks. At the end of 2 weeks, the constructs were fixed, decalcified, and processed for paraffin embedding. Subsequently, 5-mm-thick sections were cut and stained with hematoxylin and eosin.
In vitro organ culture of PDL cells on root cementum surface PDL, MSCs, DF, and DP cells (1 · 10 6 cells in 200 mL DMEM) were seeded on EDTA-etched mouse first molars and incubated for 2 h. Briefly, denuded mouse first molars from 4-week-old CD-1 mice were treated with 5% EDTA solution (pH 7.4) for 5 min (helps in surface demineralization and exposure of organic matrix), washed extensively with distilled water, and fixed in 70% ethanol. Teeth were then washed in DNAse/RNAse-free water for 4 h with 3 changes to fresh water and air dried in a sterile hood prior to being subjected to cell seeding. After washing out nonattached cells, the cell-seeded molars were cultured in vitro in an First maxillary molar extraction and subsequent replantation for 6 months
Four athymic nude rats (*275 g, body weight) were fed powdered rat chow containing 0.4% beta aminopropionitrile (Sigma-Aldrich) for 2 days to reduce the tensile strength of collagen and to promote gentle tooth extraction with minimum impairment of the surrounding periodontal tissues [20] . Under anesthesia with ketamine (100 mg/kg)/xylazine (5 mg/kg), first maxillary molars were extracted using forceps and subjected to collagenase/dispase treatment to digest the attached PDL fibers and cells. The denuded teeth were then treated with 5% EDTA solution (pH 7.4) for 10 min (aids surface demineralization and exposure of organic matrix), washed extensively with distilled water, and fixed in 70% ethanol overnight. Tooth samples were then washed in DNAse/RNAse-free water for 4 h with 3 changes to fresh water and air dried in a sterile hood to prepare for cell seeding. Immediately after extraction, the sites were cleaned with surgical dental burs, plugged with a collagen sponge, and allowed to heal until replantation. After 4 days of healing, the extraction sites were reopened and cleaned with a dental bur under constant irrigation to promote easy reentry of the extracted maxillary molars. Molars used for replantation were either seeded with PDL cells and cultured for 3 days or left untreated. Once the tooth was replanted back in its socket, a thin coat of glass ionomer dental restorative was used to stabilize it with the adjacent second molar to maintain physiologic occlusion with the corresponding mandibular molar. Of the 8 molars that were replanted in their respective tooth socket, 4 were seeded with PDL cells prior to replantation and the rest were cell-free replants. Rat maxillae were harvested after 6 months. All animal procedures were approved by the Institutional and Animal Care and Use Committee (IACUC) at University of Illinois, Chicago, and all of the committee's guidelines were complied with.
Results

Odontogenic progenitors are distinguished by unique gene expression profiles and differentiation potential
We hypothesized that odontogenic progenitors were characterized by unique gene expression profiles and various degrees of multipotency. To test our hypothesis, major ECM gene expression patterns were analyzed using RT-PCR and adipogenic and osteogenic differentiation potentials were compared (Fig. 1A-C) . Our analysis indicated that collagen I, alkaline phosphatase, osteopontin, and runt-related transcription factor 2 (runx2) were expressed at similar levels in DF cells, PDL progenitors, DP progenitors, and MSCs. In contrast, osteocalcin (OCN) was preferentially expressed in DP and MSCs, periostin (POSTN) and scleraxis (SCX) only in PDL, and dentin sialophosphoprotein (DSPP) only in DP. Although all 3 odontogenic progenitors demonstrated FIG. 1. Differences in gene expression and adipogenic and osteogenic differentiation between 3 odontogenic progenitors, DF, DP, and PDL, compared with MSCs. (A) Differences in gene expression between DF, PDL, DP, and MSCs as revealed by reverse transcriptasepolymerase chain reaction (RT-PCR). Note the elevation of POSTN and SCX in periodontal progenitors and high levels of DSPP and OCN in DP progenitors. DP, dental pulp; PDL, periodontal ligament; DF, dental follicle; MSCs, mesenchymal stem cells; OCN, osteocalcin; Col-I, collagen I; ALP, alkaline phosphatase; OPN, osteopontin; RUNX2, runt-related transcription factor 2; POSTN, periostin; SCX, scleraxis; DSPP, dentin sialophosphoprotein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. adipogenic differentiation potential, the overall level of Oil Red stain was highest in MSCs, followed by PDL, and the adipogenic differentiation potential was less pronounced in DF and DP. A similar trend was observed when analyzing osteogenic differentiation potential using Alizarin Red stain, with highest Alizarin Red levels in MSCs and PDL, followed by DP, and DF cells only displaying weak Alizarin Red levels.
ECM proteins affect gene expression of periodontal progenitors
In a follow-up experiment, we asked the question how various ECM surface coatings affected gene expression in PDL progenitors. For this purpose, culture dishes were coated with either laminin-1 or collagen I or not coated (Fig.  1D) . Our study indicated that collagen I coating of culture dishes substantially reduced epidermal growth factor (EGF) and nestin expression levels in PDL progenitors, whereas alkaline phosphatase and OCN levels were increased. In contrast, surface coating with laminin-1 resulted in an increase of EGF, nestin, cadherin 1, and keratin 8.
Apatite surface structure affects odontogenic progenitor cell shape and orientation
Here, we asked the question whether odontogenic progenitors reacted differently to structured tooth root surfaces. To determine progenitor cell behavior in relationship to surfaces, DP, DF, PDL, and MC3T3 cells were cultured with barren root cementum chips, and cell shape and orientation were determined, either adjacent to chips ( Fig. 2A-D) or on the surface of chips (Fig. 2E-H) . Our study demonstrated that DP, DF, and MC3T3 cells were either rounded or
FIG. 2. Effect of surface topography on odontogenic progenitor cell shape. (A-D)
The effect of EDTA-etched root cementum particle surface structure on progenitor cell polarization in close proximity. (E-H) The behavior of odontogenic progenitors on EDTA-etched root cementum chips. Note elongated cell shapes of PDL progenitors on apatite surfaces compared with DP, mouse calvaria preosteoblast (MC3T3), and DF cells. Scale bars = 250 mm (A-D), 500 mm (E-H).
polygonal ( Fig. 2A, B, D, E, G, H) , whereas PDL progenitors were stretched and elongated (Fig. 2D, H) , both adjacent to (Fig. 2D) and on the surface of cementum chips (Fig. 2H) . We then decided to compare the behavior of PDL progenitors on synthetic apatite blocks (Fig. 3B) with that on natural root surfaces (Fig. 3C) . PDL progenitors tightly attached to both synthetic apatite (Fig. 3B ) and natural root surfaces (Fig. 3C ). Elongated and perpendicular fibers resembling PDL were only detected on natural root surfaces (Fig. 3C) , whereas PDL progenitors formed a layer of rounded and polygonal cells surrounding synthetic apatite blocks (Fig. 3B) . In this set of experiments, DF cells were used as a control. DF cells attached to synthetic apatite blocks with their secreted ECM fibers aligned parallel to the apatite block surface (Fig. 3A) .
Only PDL progenitors but not DF, DP, and MSCs formed new PDL-like fibrous tissues with parallel fibers aligned perpendicular to the root surface in vitro
To determine whether PDL progenitors had the capacity to regenerate periodontal tissues, mouse molar teeth were extracted from 4-week-old mice, and attachment tissues were enzymatically removed from root surfaces. Barren root surfaces were incubated with collagen gels seeded with DiIlabeled PDL progenitors for 3 weeks (Fig. 4A) . After 1 week, PDL progenitor cells surrounded the root surface (Fig. 4B) and fibrous tissues had formed between root surface and the filter disc on which the teeth were cultured (Fig. 4C, D) . Histological analysis after 3 weeks of culture documented formation of new PDL-like fibrous tissues with fibers aligned parallel to each other and perpendicular to the root surface (Fig. 4E) . However, DF, DP, and MSCs in collagen gels cultured on barren root surfaces for 3 weeks under identical conditions did not form fibers perpendicular to the root surface. Instead, extended stretches of root surface cultured together with DF, DP, and MSCs were devoid of cells after 3 weeks, and if cells did attach, they formed only a thin monolayer aligned parallel to the root surface, and the dense ECM typical for PDL regenerates did not form at all (Fig. 4F-H) .
Complete formation of a new PDL following implantation of progenitor-seeded first rat molars after 6 months To verify whether periodontal progenitors regenerate periodontal tissues on surface-exposed root surfaces in vivo, surface cleaned, EDTA-etched, PDL progenitor-preseeded rat molars were replanted into rat molar tooth sockets, where they were kept without further treatment for 6 months. Control teeth were replanted into alveolar bone sockets without PDL progenitor seeding. Histological analysis after 6 weeks revealed formation of a complete new PDL in   FIG. 3 . Effect of apatite surface structure on periodontal progenitor cell shape in vitro. The arrangement of DF cells (A) and PDL progenitors (B) on apatite blocks. (C) PDL progenitor shape and fiber orientation (fib) on the surface of rat molar root chips. Scale bar = 100 mm (A-C). df, dental follicle; HAP, hydroxyapatite; pdl, PDL progenitors.
6
progenitor-treated molars (Fig. 5A, B) , whereas control molars exhibited extensive resorption and osteodentin formation (Fig. 5C, D) . Periodontal progenitor-preseeded and -replanted rat molars were attached to the surrounding alveolar bone by a physiological PDL featuring polarized and parallel-oriented PDL fibers (Fig. 5B) . Overall, all 4 teeth replanted with preseeded PDL cells maintained their physiological occlusions and did not show any signs of resorption. Of the 4 cell-free implants, 2 were lost and the remaining 2 were resorbed in some areas and ankylosed in the others.
Discussion
During periodontal disease, the entire periodontal attachment apparatus that surrounds the tooth root is destroyed by inflammation. Thus, periodontal regeneration encompasses the restoration of the entire periodontium consisting of alveolar bone, PDL, and root surface cementum, and not just of a singular tissue. In the present study, we have focused on the interface between periodontal progenitors and mineralized tissues as a unique environment to study reciprocal interactions between periodontal tissue components and take advantage of the instructive capacities of highly specialized mineralized tissue topographies for PDL regeneration. Consequently, we have used the periodontal mineralized tissue/ soft tissue interface to study the cellular and topographic aspects necessary for complete periodontal regeneration by varying surface topography and by testing the suitability of 3 different odontogenic progenitor populations from DF, PDL, and DP.
The somatic progenitors and stem cells of the odontogenic region are typical mesenchymal cells and appear fairly similar from a morphological point of view. Thus, in light of adult stem cell plasticity, any of them might be a suitable candidate for periodontal tissue engineering. However, in earlier studies, we have demonstrated that even the seemingly homogeneous DF contains several vastly heterogeneous progenitor populations [16] . A thorough system biological analysis of all 4 periodontal progenitors, including alveolar bone osteoblasts, cementoblasts, PDL cells, and DF cells, revealed substantial differences between all 4, with greatest differences between DF progenitors and cementoblasts [21] . Our present findings indicate that PDL progenitors are significantly different from DP and DF cells in terms of gene expression, differentiation potential, and especially in their ability to assume elongated cell shapes on structured surfaces, supporting previous findings from our group that indicate substantial differences between periodontal progenitor populations [16, [21] [22] [23] . Together, these studies indicate that the progenitor lineage derived from the target tissue may be the most suitable progenitor population for many tissue engineering applications.
In the present study, we have demonstrated that apatite surface structure dramatically affects odontogenic progenitor cell shape and orientation, with PDL progenitors elongating in a perpendicular fashion on natural root surfaces, whereas they were rounded on synthetic apatites. Substantial effects of substrate surface topography on cell shape, adhesion, and cell behavior have been reported in earlier studies [24] [25] [26] . The present findings indicate that the natural root surface topography appears to present a unique trigger for perpendicular cell elongation, ideally suited for periodontal fiber regeneration. As a substrate for tooth attachment regeneration, the instructive properties of the root surface are also suitable for therapeutic application, as natural tooth surfaces from extracted teeth are readily available for replantation.
Our data indicate that not only surface topography but also ECM composition affects periodontal progenitor gene expression. In our study, collagen I coatings enhanced alkaline phosphatase and OCN expression levels, triggering increased osteogenic behavior, whereas laminin-1 coatings increased EGF, nestin, cadherin 1, and keratin 8 expression, directing cells toward neurogenic cell behavior. These findings confirm previous data on the effect of surface coatings on cell function [27] [28] [29] and suggest that surface coatings may be used to further enhance the regenerative potential of periodontal progenitors.
Among the genes profiled for expression in PDL, DF, DP, and MSCs, POSTN and SCX were uniquely expressed in PDL progenitors. POSTN is a critical ECM protein important for periodontal homeostasis and PDL space maintenance [30] . Its expression changes dynamically in response to tension and compression in the PDL, and loss of POSTN resulted in traumatic dental-alveolar stimuli and a phenotype resembling an early onset of periodontal disease [30, 31] . POSTN may play an important role in the characteristic response of PDL cells to mechanical and surface stimuli. SCX is a transcription factor expressed in the tendon progenitor population and is continuously expressed during their differentiation into mature tendons [32] . Tendons are similar to the PDLs, in that both tissues form an unmineralized, load bearing attachment. In case of tendons the attachment is between a muscle and a mineralized tissue (bone) while PDLS form attachment between two mineralized tissues (bone and cementum). Similar to POSTN, SCX expression changes dynamically in the PDL and was shown to be enhanced on the tension side following application of orthodontic stress [33] . Both of these molecules might contribute to the unique cellular response of periodontal progenitors to surfaces. Reattachment of tooth roots with complete new PDL formation is one of the highlights of the present study. Previously, we have demonstrated using GFP labeling that the PDL engineered using our preseeding approach is derived from cultured periodontal progenitors and not from surrounding tissues [34] . In that study, we also documented that replanted teeth were mechanically stable after 4 months of implantation [34] . Although a number of groups have attempted to promote reattachment of teeth [35, 36] , regeneration of a fibrous PDL has been rarely accomplished. The ability of periodontal progenitors in conjunction with natural root surface topographies to form true periodontal tissues is likely a result of a stepwise predifferentiation of periodontal progenitors beyond the less-differentiated state of intermediary pluripotent progenitors such as the DF [22] in concert with the instructive capacities of the natural tooth root surface [34] .
One of the intriguing findings of the organ culture study was the formation of a significant amount of alveolar bone directly on the culture membrane. Alveolar bone was formed only by PDL progenitors and not by DF, DP, and MSCs. In the present study, alveolar bone was formed as part of an interface between root surface, new cementum, PDL, alveolar bone, and, surprisingly, nitrocellulose filter membrane. This finding suggests that PDL progenitors might be programmed to form mineralized attachment tissues on both ends of the ligament: the root surface and the alveolar bone surface, here replaced by the culture membrane. In addition, this study suggests that the culture environment provides sufficient mechanical clues for the PDL progenitors to thrive and to secrete minerals at attachment sites.
Our data also suggest that of the 4 types of progenitors/ stem cells tested, only periodontal progenitors have the capability to form elongated shapes on root cementum surfaces. We suggest that these elongated cell shapes may be a prerequisite for the formation of relatively long and extremely strong PDL fibers, such as Sharpey's fibers, explaining the success of our replantation studies. Future studies will uncover the signaling factors and differentiation events responsible for periodontal progenitors to form elongated and parallel periodontal attachment fibers. Such information would facilitate the use of nonperiodontal progenitors and stem cells for periodontal regeneration.
